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ABSTRACT

Concrete cracking in structures is a ubiquitous problem which can lead to the
deterioration of the structure. Other than affecting the strength aspect of a structure,
cracking impacts the serviceability criteria as well. Although cracking phenomenon in
any structure is highly inevitable, it has to be minimized in order to maintain a structure’s
life effectively. Cracking in reinforced concrete structures is related to the bond strength
developed between the bar and the concrete. It also depends on an ability of the bar to
resist the stresses due to shrinkage to minimize the crack. Another important aspect is the
resistance offered by the reinforcement to minimize the residual crack width after
withdrawal of high loads beyond or near the yielding capacity. All these parameters were
considered and have been studied as a part of this dissertation through experimental
testing.
The variables used in the tests are the alternative coated reinforcements like
textured epoxy, hot dipped galvanized, and continuously galvanized reinforcements.
Variables also included uncoated (black) and conventional epoxy (smooth epoxy)
reinforcements which have been used in structure for many decades. Considering all the
tests conducted, an overview analysis was done to determine the best performing bar
coating for crack control and rebar-concrete bond. The results show that textured epoxy
bars were the best performer in 47% of tests. On the other hand, smooth epoxy bars were
the worst performer in 47% of tests. Uncoated, hot dipped galvanized, and continuously
galvanized bars were typically in-between textured and smooth epoxy bars in their
performance.
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This dissertation also analytically evaluated the bond mechanics associated with
the variable bar coatings considered in the experimental program. Two different models
of bar force variation at and around a crack location were considered to calculate the
length over which forces transfer between the bar and concrete. The calculated lengths
were compared to data from an associated peer study. It is inferred from the results that a
small portion of a bar is de-bonded adjacent to the cracks and the forces transfer
gradually at locations beyond the debonding. This inference applies to all the bar coatings
in the data except the continuously galvanized reinforcement. Conclusions for
continuously galvanized reinforcement could not be made because of limited and
randomness in the data.
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I.

INTRODUCTION

Overview and Motivation
Structures must be designed to safely withstand estimated loads and to function
throughout their life cycle. Serviceability (day-to-day performance) and structural
capacity (performance during extreme events) are both critical criteria. This dissertation
considers both criteria as they relate to coatings on reinforcing bars in concrete.
In reinforced concrete structures, cracking of concrete is one phenomenon that
can affect serviceability and ultimate strength. Under service level conditions, cracking
may lead to deterioration of a structure over time. This deterioration can also lead to
reduced structural capacity. Reinforced concrete bridge decks are a primary example of
how cracks can impact service life and strength. In cold regions de-icing salts can use
cracks as a pathway to access the reinforcement and affect corrosion. Salt-water in
coastal environments can lead to similar issues. Corrosion of the reinforcement
deteriorates structural capacity.
One approach to mitigate the impacts of cracking is to “control” the growth and
propagation of cracks. Another is to provide coatings on steel reinforcement create a
barrier and prevent corrosive materials from accessing the steel and initiating corrosion.
In many cases coatings impact crack control and reinforcement-concrete bond as well as
providing a barrier. This dissertation is concerned with how coatings (or lack of coating)
on the reinforcement impacts crack control and reinforcement-concrete bond.
Multiple series of structural and material tests were conducted, and the variables
were the coatings of the reinforcements (Figure 1). By understanding the effect of

coatings on crack control and reinforcement-concrete bond, this research aims to
facilitate serviceable, durable, and strong reinforced concrete structures.

Figure 1. Reinforcement coating variables along with the notations and specifications

Relationship of dissertation to Wisconsin Highway Research Program Project
This dissertation is a part of a larger experimental program reported in Ross et al.
WHRP report [1]. Portions of the larger program were also reported by Murphy [2].
While this dissertation research was associated with the larger project, it goes beyond the
work that has been previously reported. For example, the project report discussed a series
of bond tests at a high level. The current dissertation provides further discussion,
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including a comparison with code-based development length provisions. Another
example is the additional analysis conducted using beam crack data collected by Murphy.
Murphy conducted the tests and documented the procedure and overall results in his
thesis. The current dissertation uses the Murphy data to estimate flexural bond lengths for
the variable coated reinforcements in concrete.
In addition to the lab testing and analysis, this dissertation also presents a
methodology paper on the use of Image Processing in field studies of cracking in
concrete structures. The methodology paper is presented in Chapter VIII. The method
described in the paper was utilized for lab studies presented throughout this dissertation.
Hence, this dissertation is related to other efforts conducted in the larger project,
however, it presents unique contributions made by the dissertation author. Some parts of
the WHRP project report originally drafted by the dissertation author are also included in
this dissertation.

Overview of experimental program
Laboratory studies were conducted involving all the types of rebar (Figure 1) with
a set of specimens of each bar for each test. Bar coatings and test methods are shown in
Table 1. Overall, four different types of tests were conducted for this dissertation. The
tests were carried out to evaluate the crack control and bond behavior of all the types of
rebar under different conditions of loading. Not all the bar types were considered in all of
the tests. Variables were selected on a test-by-test basis and reflect the available
materials at the time of the test. In hindsight it would have been preferable to have all bar
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coatings represented in all test types; unfortunately, this is not how the tests were
conducted.
Table 1. Overall laboratory test program showing the type of bar used in each test

Bar Coating
Black (B)
Smooth Epoxy (SE)
Texture Epoxy (TE)
Hot-dipped galvanized (HDG)
Continuously galvanized (CGR)
Number of series
Total number of specimens

Shrinkage
Cracking
X
X
X
X
X
8
40

Test Type
Static load
Bond
cracking
X
X
X
X
X
X
X
4
16

X
3
12

Prism
Tension
X
X
X
X
X
3
15

Comparison Index
Many of the results are presented in terms of the “comparison index.” To aid the
reader in understanding and interpreting results, this section explains the comparison
index.
Data for each test were normalized to the average performance of all the
specimens in each series to facilitate the comparison between test types, series, and
coatings in performance. A factor called Comparison Index was calculated for each
specimen in each series to present the results with their performance to the normalized
value. This comparison index is equal to the measurement value for a specimen divided
by the average measurement for all other specimens in the same series. A value greater
than 1.0 indicates poorer than average performance, whereas a value less than 1.0
indicates superior than average performance. An example calculation of comparison
index is shown in Table 2. The specimen with the smooth epoxy bar in the example had a
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comparison index of 1.20 meaning that the specimen’s crack width was 20% larger than
the average of all other cracks in the series. It was calculated by dividing the specimen
width by the series average, i.e., 0.023 in. / 0.019 in. = 1.20.
Table 2. Example showing comparison index (values are not from a specific test,
considered just for this example)
Bar Coating

Crack Width
(in.)

Black
Smooth epoxy
Texture epoxy
Hot-dipped galvanized
Continuously galvanized
Series average

0.018
0.023
0.016
0.019
0.020
0.019

Comparison Index
(Specimen crack width / series
average)
0.94
1.20
0.83
0.99
1.04

Research questions addressed in this dissertation
The overall program of which this dissertation was associated, focused on bar
coatings and their impact on crack control, specifically for bridge structural elements.
This dissertation addresses the same subject matter but includes additional work
investigating the topic at a more fundamental mechanics-based level. Digital image
analysis was a key tool in the research. This dissertation also includes a manuscript on
the use of digital image analysis to study cracks widths in field studies.
The content in this dissertation can be summarized by the following questions:
•

What is the relative strength of concrete-reinforcement bond for
alternative coated reinforcements? This question is primarily addressed
through the experimental program reported in Chapter IV.
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•

How should textured-epoxy coated bars be considered in code-based
requirements for development length? This is also addressed in Chapter
IV.

•

What is the relative impact of alternative reinforcement coatings on the
control of shrinkage cracks? The test program reported in Chapter V
addressed this question.

•

To what extent (if any) does reinforcement coating impact residual crack
width in concrete structures after loads have been removed? This is
discussed in Chapter VI.

•

Are theories of rebar-concrete bond mechanics applicable to bars with
alternative coatings? The question is addressed in Chapter VII.

•

What is the process for using image analysis in field studies of cracking
concrete structures? A manuscript on this topic is presented in Chapter
VIII.

These questions will be revisited in the conclusions part of each chapter after the
data and analyses have been presented.
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II.

BACKGROUND

Cracking in concrete structures
It is widely known that concrete has a relatively low tensile strength and that
cracking of concrete structures is a ubiquitous problem. For this reason, numerous studies
have been conducted on concrete cracking over the years. There are 3660 research
articles identified by Google Scholar [3] related to the “concrete cracking” just for the
year 2021. Cracking in concrete bridges was studied collectively by the National Cooperative Highway Research Program (2017) [4] which is available in its Synthesis
Report No. 500.
The phenomena, confounding issues, and mitigation of concrete cracking are well
demonstrated in bridge decks. Cracking and associated issues result in decks having the
shortest service life on any bridge element (Figure 2). Bridge decks receive the load
directly by traffic and are exposed to snow and rain, and in some locations de-icing
chemicals. Cracks make the intrusion of corrosive agents easier, inducing higher risk of
corrosion of steel reinforcement [4]. This limits the service life of concrete bridge decks
effectively [5] and the rate of corrosion activity can be mitigated by controlling cracks
[6].
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Figure 2. Photo of cracking in bridge under the deck (Figures from [7])
Previous research has identified many factors that can affect the occurrence and
extent of cracking in concrete bridge decks ([4] and [8-13]):
•

Environmental conditions during concrete placement and curing,

•

Concrete mix design and material properties,

•

Construction practices during placement and curing,

•

Reinforcement details,

•

Bridge layout (i.e., skew and span),

•

Structural stiffness,

•

Bearing conditions and restraints,

•

Corrosion and chloride content,

•

Thermal loads and freeze-thaw cycles, and

•

Structural loads.

There are many approaches to mitigate corrosion in bridge decks that have been
studied earlier [14-20] like sealing the cracks and laying overlays on deck surface,
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injecting the cracks with epoxy resins or any sealants, coating the steel reinforcement and
using reinforcement made of corrosion resistant alloys.
Both cracking in bridge decks and corrosion in bridge deck reinforcement can be
mitigated by using a coated reinforcement. The impact of alternate coated reinforcements
is not considered in this dissertation on the topic of reinforcement corrosion which is
expansive and has been the subject of much research on its own. This dissertation focuses
only on the impact of coatings on crack control and bond in concrete.
The end region of precast-pretensioned concrete girders is another common
location for cracking (Figure 3). The concentrated prestressing forces causes end region
cracks due to the induced tensile stresses which are distributed from the point of
application of prestressing force in the bottom flange to other parts of the girder crosssection (Figure 4).
End region cracks have been studied for decades and there is a large body of
literature discussing causes and mitigation strategies. The topic has recently been the
focus of projects from the Wisconsin DOT [21], Florida DOT [22], Alabama DOT [23],
and National Cooperative Highway Research Program [24]. Factors associated with end
region cracking include:
•

Cross-section geometry,

•

Magnitude and location of pretension forces,

•

Detailing of end region reinforcement, and

•

Concrete tensile strength at the time of prestress transfer.
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Partial debonding of select strands has been shown to reduce end region tensile
stresses and the resulting cracks ([21], [22], and [25]). More aggressive approaches for
preventing or reducing end region cracks include the use of ultra-high-performance
concrete regions [26] and the use of vertical post-tensioning [27] in the end region. The
effect (if any) of alternative reinforcement coatings on end region cracks has not
previously been considered.

Figure 3. Type of end region cracks (Figure from [21])
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Figure 4. End region cracks form due to tensile stresses (green trajectory lines) which
form as the pretension force is distributed from the bottom flange to the rest of the crosssection. (Figure based on [25])

Reinforcing bars and coatings
The first specification for steel reinforcing bars was issued in 1910 [28]. Since
then, there have been various advances in reinforcement including coatings that have
been innovated to mitigate corrosion. The following paragraphs briefly introduce the bars
and coatings that were used in the laboratory tests in this research.
Black (uncoated). All bars in the test program started as uncoated bars that
complied with ASTM-A615 [29].
Smooth-epoxy coated. Conventional epoxy-coated bars are labeled as “smooth”
in this dissertation to differentiate them from the novel textured-epoxy coated bars that
were also used as another variable in the tests. Smooth-epoxy coated bars complied with
ASTM-A775 [30]. The epoxy coating is applied over an ASTM-A615 black bar. The
epoxy coating acts as a barrier between the bar and corrosive materials to mitigate
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corrosion. Smooth epoxy bars have been widely used since 1973 when it was first
implemented in a bridge in Philadelphia, PA [31].
The coating process begins with abrasive cleaning to remove rust and mill scale
from the bar surface. The bar is then heated in an oven or through induction heating,
whereafter a charged epoxy powder is applied using an electrostatic spray nozzle. The
heat and the charge adhere the powder to the surface resulting in the epoxy coating. The
coated bar is water quenched to cool. After cooling the bar is checked for “holidays,”
which are small cracks or pinholes that are often too small for visual observation.
Holidays are identified by passing a current through the bar and noting any electrical
continuity through the coating. The process from cleaning to holiday checking can be
automated and can take only a few minutes. ASTM-A775 specifies the permissible level
of coating damage and repair methods. Per ASTM-A775, the epoxy coating thickness is
between 7 and 12 mils (175 µm and 300 µm) for bar sizes Nos. 3 to 5.
Textured-epoxy coated. Textured-epoxy is a novel coating designed to mitigate
corrosion while also having a rough surface that is suitable for the concrete bond. The
fabrication involves a two-coating process. The primary coating process is like that
described in the previous paragraph for the smooth-epoxy coated bar. The second
coating process begins with another powder spray that creates the texture which plays a
vital role in improving the bond strength. Currently, there is not an ASTM standard for
textured-epoxy coated bars; however, the initial coating used in the textured bars
complies with ASTM-A775 [30]. Because of the two-coating process, the total thickness
of epoxy on the textured bars used in the current project was approximately 0.67 mm (69
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%) thicker than the smooth epoxy coating. While the conventional epoxy bar has a
smooth and shiny surface, the textured-epoxy bar has a rough and gritty surface (Figure
1Error! Reference source not found.).
Hot-dipped galvanized. Galvanizing is a zinc coating that is chemically bonded
to the steel surface to mitigate corrosion. Hot dipping is the most common method to
apply galvanizing. Hot-dipped galvanizing, often called “batch galvanizing”, involves
immersing clean and pre-fluxed steel in a kettle of molten zinc at about 450oC. During
the immersion time, while the steel is heated to the temperature of the molten zinc, a
metallurgical reaction occurs between the steel and the zinc [32]. Hot-dipped galvanized
bars in the project complied with ASTM-A767 [33].
The reaction between steel and molten zinc produces a coating on the steel made
up of iron zinc alloy layers that grow from the steel/zinc interface, with a layer of
essentially pure zinc at the outer surface. What distinguishes galvanizing from other types
of coatings is that the galvanized layer is metallurgically bonded to the steel due to interalloying between the steel and the molten zinc. A key feature of hot-dip coatings is that
the outer layer that remains on the surface of the product as it is withdrawn from the
kettle and is generally about 40-50 μm thick. It is the presence of this “eta layer” that
controls much of the behavior of zinc when in contact with wet cement [32].
Continuously galvanized. Continuously galvanized rebar was developed in
China in 2011 and introduced to the American market in 2018 under the trade name
GalvaBar [34]. The continuous coating is applied using an in-line (thus not batch
dipping) process similar to the coating of sheet and pipe products. A blast cleaned and
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preheated bar is fed through a molten zinc bath for not more than 1-2 s [35], and the total
time at temperature including the preheating stage is not more than 4-5 s. By adding a
small amount of aluminum (0.2%) to the zinc bath, a coating typically 50-60 μm thick is
produced that is almost entirely pure zinc, with only a very thin layer (approximately 0.1
μm) of a ternary (Fe2Al5-xZnx) alloy at the zinc/steel interface. Apart from the economy
and speed of production with the continuous galvanizing method, a reported feature of
this type of coating is the improved formability of the coated product [32].

Surface Roughness
The surface of the bar impacts the strength of the bar-concrete bond. This has
been studied extensively in case of smooth epoxy bars [36-38]. Surface roughness of bars
is positively related to the bond strength. This is the very phenomenon that motivated this
project to consider textured-epoxy bars.

Bond and crack control
Transfer of forces between concrete and embedded steel bars, i.e., reinforcementconcrete bond, can occur through cohesion, adhesion, and through mechanical
interlocking between the bar deformations and concrete. The contributions of these
mechanisms are conditional upon the level of force being transferred, surface coating of
the rebar, and geometry of bar deformations. Adhesion and cohesion (if present) are
primary at small load levels and mechanical interlocking is primary at ultimate load
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levels [39]. The interlocking mechanism is described in Figure 5. Equal and opposite
bearing forces act normal to the bar deformations. The longitudinal component transfers
the force between the bar and concrete, while the radial component leads to tensile
stresses in the surrounding concrete. The tensile stresses can lead to splitting cracks
depending on the confinement, cover, and spacing of the bars.

Figure 5. Bond transfer mechanism (Figure from [40])
Multiple parameters impact the transfer of forces between bars and concrete.
Darwin and Graham [41] observed that initial (low load) slip resistance and ultimate
bond strength increase as the relative rib (deformation) area increases. Relative rib area
is the ratio of rib area normal to the bar axis to the product of nominal bar perimeter and
rib spacing.
The effect of epoxy coating thickness on deformed bars and bar parameters on
bond strength in concrete was studied by Chul Choi et al. [36]. It was concluded that
epoxy coating in deformed bars has a greater effect in reducing the bond strength as the
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bar size increases. Also, the higher the bearing area due to the rib deformation pattern in
bars, the lower the effect of epoxy coating on the reduction of bond strength in concrete.
In case of galvanized bars, due to the presence of pure zinc and formation of zinc
oxide and zincates, it retards the setting of concrete and initially reduces the adhesion
with the concrete. However, it is determined that adhesion with concrete at the surface
can increase over time and improves the bond strength [42 - 44]. The bond strength of
hot-dipped galvanized, epoxy-coated, and uncoated bars in 28-day concrete was studied
by Kayali and Yeomans [45]. They reported that there is no statistically significant
difference in bond strength between uncoated and hot-dipped galvanized bars in 28-day
cured concrete. A reduction in bond strength of 25% to 42% was observed in the epoxycoated bars.
Kim and Andrawes [46, 47] experimentally tested the bond behavior of texturedepoxy coated, smooth-epoxy coated, and uncoated bars. It was observed that texturedepoxy and uncoated bars had higher slip resistance relative to smooth-epoxy coated bars.
Additionally, the textured-epoxy-coated bars had greater crack control performance than
both the uncoated and epoxy-coated bars. They also presented an approach for simulating
the textured-epoxy coating finite element models [37]. The current dissertation adds to
the work by Kim and Andrawes by evaluating textured-epoxy bars using different test
methods, including shrinkage crack testing. Comparisons of textured-epoxy coating with
hot-dipped and continuously galvanized bars is another distinction of the dissertation.
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Shrinkage cracking
Shrinkage phenomenon in concrete results from a reduction in its volume during
moisture loss. If the concrete is restrained from shrinking, then this phenomenon can lead
to stress build up. Cracking occurs when the tensile stress exceeds the tensile capacity of
concrete. This can happen even when there is no external load applied (ACI committee
209, 2005) [48]. In case of reinforced concrete members, the presence of rebar adds
stiffness to system and controls the amount of shrinkage strain in the concrete [49]. When
cracks do form, the rebar acts to control the width of shrinkage cracks.
In a recent study at the University of Illinois [50] researchers measured the strain
in textured and smooth epoxy coated bars in lab specimens that mimic concrete bridge
decks. The concrete decks were simply supported and spanned 16.5 ft. The effects of
shrinkage on the concrete were monitored for 59 days after curing. The change in strain
was monitored using strain gauges attached both on the rebar and underside of the
concrete. Concrete strain was also monitored by the changes in the speckle dot pattern on
a portion of the slab using digital image correlation (DIC). From the strain gauge data, it
was observed that larger strains were recorded on the textured epoxy rebar compared to
that of the smooth epoxy. This shows that textured epoxy offered more resistance against
shrinkage compared to that of smooth epoxy. The DIC data showed that the deformations
in the monitored portions of the slabs were on an average 21% smaller for slabs with
textured epoxy rebars than slabs with smooth epoxy bars.
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III.

ROUGHNESS MEASUREMENTS

As textured-epoxy bars can be produced with different levels of surface
roughness, it is necessary to measure and document the roughness. Also, it was intended
to corelate the measured surface roughness of all the variables involved to the overall
crack control and bond performance.
A VHX-7000 Keyence optical microscope was used to measure the surface
roughness from samples of each coating type. The VHX-7000 has a depth of field that is
20 times greater than conventional optical microscopes. It can deliver 2D and 3D
measurements, roughness, contamination, grain size, and other analyses with one tool.
Additionally, observation can be carried out automatically at magnifications from 20× to
6000× without changing the lens.
Measurement parameters considered for the bar specimens include Sa, the
arithmetical mean height of a surface, and Ra, the arithmetical mean height along a line.
At the scale of rebar surface roughness, Ra and Sa are typically reported in micrometers.
In common language, Ra and Sa can be described as the average height of the peaks and
valleys relative to the overall average height of the surface. Two locations on each
specimen were used for collecting roughness measurements, one on the longitudinal rib
and the other between the transverse ribs. Example microscope surface images for
textured-epoxy and smooth-epoxy coated bars are shown in Figure 6. The surface at each
measurement location was then divided into three strips of approximately the same size.
Sa was measured over the area of each strip. The centerline section in each of those strips
were measured for Ra (Figure 7). The same procedure was followed for both the
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locations in the bar i.e., on the longitudinal rib and between the transverse ribs. Three
specimens were measured for each bar coating and there were six measurements of Sa
and Ra in each specimen.

Figure 6. Microscope images of textured epoxy bars (left) and smooth epoxy bars (right)
showing surface roughness. Note that the dimension (length) scales are comparable
between the images, but the color scales are not.
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Figure 7. Measurement of Ra. A) The surface roughness of a given strip. B) Line
through strip for determining Ra. C) Profile of surface along line. D) Profile surface
normalized to the mean profile height. Ra is the average absolute deviation from the
mean profile height.
The average of measured values is shown in Figure 8. Values in the figure for a
given coating type are the average of measurements taken at two locations on each of
three bar samples. The values in the figure were corrected to account for the round
surface of the bars, which impacted the microscope roughness measurements. The
correction was automated in the software used to run the microscope.
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Figure 8. Roughness measurements for each bar coating type
The microscope-measured roughness for the textured-epoxy bars was 28.6 µm
and 29.7 µm for Ra and Sa, respectively. The next roughest surface was hot-dipped
galvanized. Smooth-epoxy coating produced the smoothest surface with measurements of
1.9 µm and 3.5 µm for Ra and Sa, respectively.
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IV.

BOND TESTS
Overview

This chapter addresses two research questions:
•

What is the relative strength of concrete-reinforcement bond for alternative
coated reinforcements?

•

How should the implementation of textured-epoxy coated bars be addressed
considered in code-based requirements for development length?
ACI-318 [51] and other codes require epoxy coated bars to have greater

development length. At the same time, galvanized bars have the same requirements as
uncoated bars. This research experimentally evaluated two new coatings, specifically
textured epoxy and continuously galvanized, to determine their bond and development
length performance.

Test set-up
The bond tests followed the specifications of ASTM A944 [52]. Figure 9 shows
the specimen reinforcement detailing. The clear cover for the test rebar was 2 inches.
From the edge of the concrete the test bar is debonded over a “lead length” of 0.5 inches.
After the lead length, the bars were bonded over lengths 4 inches or 6 inches. After the
bonded length the rest of the test bar was debonded to the opposite end of the specimen.
Debonding in the lead length and in the debonded length were achieved by placing a
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PVC pipe to surround the bar. Secondary reinforcements were detailed and placed
according to ASTM A944.

Figure 9. Bond test specimen detailing from ASTM A944[52]. The width, W, for the
specimens in the test program was 9 inches and the height, H, was 26 inches. The length
parallel to the test bar was 24 inches.
Four series of tests were conducted, and each series included four specimens, for
a total of 16 (Table 1). Four sets of wood forms were built and were rotated for each bar
type in the subsequent batches. The concrete mix design was based on a South Carolina
Department of Transportation (SCDOT standard). The mix design is shown in Table 3.
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The same mix design was used for each series. Each of the tested bar coasting types was
included in each series so that any variations in the concrete mix would affect all bar
types.
All the specimen formworks were inverted, meaning that the test bar was cast at
the bottom of the specimens. The concrete was cast in three layers to ensure
consolidation of concrete. After each layer was poured, the concrete was consolidated
using a vibrator. Concrete cylinders were also cast from each bath of concrete.
Formworks were removed after one week and specimens were tested only after the
concrete has reached the strength of 4500 psi minimum.
Table 3. Concrete mix design for casting bond test specimens
Concrete mix design
Material
Cement (Type I/II)
Fly Ash
Coarse Aggregate
Fine Aggregate
Plasticizer
Water
Air Entrainer
Air Content
Water/Cement
Slump

Design Quantity
500 lb
125 lb
1825 lb
883 lb
35 gal
0.467
3 in

The test set-up is shown in Figure 10. A steel frame (Figure 11) supported the
specimen during testing and consisted of a vertical HSS is welded on top of an I-beam.
Two channel sections were welded side by side to the I-beam to support the bearing
reaction of the specimen. Channels and rods were used as hold downs to maintain static
equilibrium during testing. Each specimen was moved, inverted, and placed on the steel
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frame using a hoist. Holes in the HSS allowed the test rebar to pass through and engage a
hydraulic jack. For practical purposes with holes in the HSS were oversized
(approximately 4 inches diameter) to avoid contact with the test bar during setup. A
strand chuck was used at the loading end of the bar to engage the hydraulic jack. The load
data was collected using the load cell which was placed between the hydraulic jack and
the strand chuck and a pressure gauge from the jack.

Figure 10. Bond test set-up
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Figure 11. Sketch of the specimen set up on a steel frame in bond test
The slip and the displacement data were collected using linear potentiometers.
Two potentiometers were placed at the rear end of the specimen and two were placed at
the loading end of the specimen. The linear potentiometers, load cell and the pressure
gauge were calibrated and connected to the DAQ system for the data collection.
Typically, the bar was pulled with the jack until the concrete cracked and the bond failed,
or well past the apparent yielding point of rebar. Photos were taken after completing the
tests to document cracking.
Series one and two used a 6” bonded length, which resulted in yielding of the
reinforcement prior to concrete cracking and bond failure. To bound the minimum
bonded length required to reach yielding, the bonded length was changed to 4” in series 3
and 4.
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Test Method Validation
The beam end testing method results followed according to the ASTM A944 are
validated with the available literature. This test has previously been conducted on black,
smooth epoxy and hot dipped galvanized bars. Slip values of Black bars from Platt and
Harries [39] and Smooth epoxy bars from Kayali and Yoemans [45] are compared
against the test data from this dissertation to validate the test method. The comparison is
shown in the Table 4. As seen in the table, results from the current test program are
similar to those from the previous studies.
Table 4. Bond test data validation from literature
Bar type
Black (Platt & Harries)
Black

Epoxy (kayali 7 Yoemans, 2000)
Smooth Epoxy

Bonded Length (in)
6.65
6.65
6
6

Slip (in)
0.00035
0.00078
0.00042
0.00079

Bar stress (psi)
40320
51630
40255
51655

5.9
5.9
6
6

0.00098
0.00196
0.00073
0.00128

33180
44000
33665
44100

Test Results
The whole test was monitored using a data acquisition system and testing was
stopped when a splitting failure occurred in the concrete adjacent to the bonded length
(Figure 12) or when it was obvious that the reinforcement was well past yielding.
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Figure 12. Splitting failure in Black bar specimen in series 2 with bonded length 6 in
Results have been studied considering two aspects. First, the slip measured at the
back end was evaluated with respect to the load. Second, the displacement at the front of
the bar (which included slip and elongation) was evaluated to determine if the bar
yielded.
Series 1 and 2 had a bonded length of 6 in., which was sufficient for all specimens
to reach full development. In other words, all bar types were able to support the
minimum specified yield stress. The minimum specified yield stress for all bars was 60
ksi, which corresponds to a load of 12 kip. Series 3 and 4 had a bonded length of 4 in. In
series 4, the uncoated and smooth-epoxy specimens only reached 11.2 kip and 10.5 kip,
respectively.
The data from the two potentiometers from the front end (Figure 10) is plotted for
load vs displacement which is shown in Figure 13. The displacement reported in the
figure is the average from the two instruments. The plot is from series 1 where the
bonded length was 6 in. It can be observed that the displacement was approximately
linear elastic at the beginning of the tests and that the bars began yielding at loads higher
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that 12 kips. At a given load level the displacement measured at the front of the specimen
was always greater than the slip measured at the back. This is because the displacement
measurement included elongation of the bar.

Figure 13. Load vs Displacement for series 1 with bonded length 6 in
The data from the two potentiometers from the back end (Figure 10) is plotted
again the applied load for series 1 in Figure 14. The amount of slip was small when the
load was initially applied. The slip increased significantly as the load approached the
specified yield strength of the bar.
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Figure 14. Load vs Slip for series 1 with bonded length 6 in
To compare the slip between specimens with different bar coating types, two benchmark
stress levels were selected. The first benchmark was 33% of the yield stress, which
corresponds to service-level stresses. The second benchmark was 80% of the yield stress,
which was approaching but less than ultimate strength. Comparison index values were
calculated for all specimens and are reported in Figure 15. Two trends are noted from the
comparison index values. First, textured-epoxy bars had the lowest slip in seven of the
eight comparisons. The only exception was the 33% load level in series 4. Second, the
smooth-epoxy bars had the greatest slip in five of eight comparisons. These trends
indicate that the textured-epoxy bars have superior bond capacity than the smooth-epoxy
coated bars. From this result, it is reasoned that textured-epoxy bars should not be treated
the same as smooth-epoxy coated bars when calculating development length. Additional
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testing is recommended to confirm this observation and to determine the range of
roughness properties and concrete strengths for which it is valid.

Figure 15. Comparison Index of bar slip at 33% fy and 80% fy stress levels. An
instrument malfunction prevented measurement of slip in B4 at the 33% fy level.
To get an overall understanding of the slip resistance of each variable
comparatively, comparison index data is shown in box and whiskers at both the stress
levels. It can be seen from the Figure 16 that the smooth epoxy values are typically
greater than 1.0 indicating that the slip incurred in those specimens were more than the
average slip value at both the stress levels. Continuously galvanized rebar (CGR) tends to
have higher than average slip at the 80% fy stress level and approximately average slip at
the 33% fy stress level. While black bar and textured epoxy bars always had lower than
average slip at the 80% fy stress levels. In particular, the range of values for the textured
bars was well below the average at the higher stress level, indicating desirable bond
performance.
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Figure 16. Box and whisker plots of bar slip at 33% fy and 80% fy stress levels

Code Comparison
Development length is the length of embedment of a bar in concrete required to
develop the specified yield stress in the bar. The ACI 318-19 [51] provisions for tension
development length includes various adjustment factors based on the conditions of the
bar being developed. One of the conditions considered is the presence of coating on the
bar. The introduction of the coating factor in ACI 318 was based on prior literature [5355]. In a study conducted by Jirsa and Treece [55], 21 beams with lap spliced
reinforcement in the constant moment region was tested and the bond strength of epoxy
coated bar specimens were compared to that of Black (uncoated bars). The ratio of bond
strength of epoxy coated bars to that of uncoated bars was formulated. It was determined
from the overall tests that the bond strength of epoxy coated bars was about 65% of the
bond strength of uncoated bars in case of a splitting failure. A factor of 1.15 or 1.5 were
recommended for design considerations based on cover and spacing of the bars in
concrete. In this dissertation, the average ratio of slip values both at 33% fy and 80% fy
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stress levels were calculated as most of the specimens were developed to yield prior to
the failure. The slip resistance was the parameter of comparison between the specimens.
At 33% fy stress level, the average ratio of slip in case of smooth epoxy specimen to that
of uncoated specimen was 0.94 and at 80% fy stress level, it was 3.32. While the current
program measured different parameters than Jirsa and Treece [55], both programs
demonstrated that smooth epoxy coated bars have reduced bond strength relative to black
bars.
The coating factor ψe is defined as 1.2 or 1.5 for epoxy coated rebar and 1.0 for
uncoated rebars or zinc coated rebars (Table 25.4.2.5, ACI 318-19). The same is not
defined for textured epoxy coated rebar, but it is assumed as 1.0 to compare against the
other three bar coatings. ACI provides two approaches for calculating the required
development length. The relevant equations are given below. Regardless of the
equation results, the minimum development length required as per ACI 318-19 is 12
inches.
𝑙𝑑 = (

𝑓𝑦
𝜓𝑡 𝜓𝑒 𝜓𝑠 𝜓𝑔
3
∗
∗
)𝑑
40 𝜆√𝑓 ′ 𝑐 (𝐶𝑏 + 𝐾𝑡𝑟 ) 𝑏
𝑑𝑏

Equation 1. Development length equation from 25.4.2.4a (ACI 318-19)

𝑙𝑑 = (

𝑓𝑦 𝜓𝑡 𝜓𝑒 𝜓𝑔
25𝜆√𝑓 ′ 𝑐

)𝑑𝑏

Equation 2. Development length equation from 25.4.2.3 (ACI 318-19)
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All the factors considered for the calculation are:
𝑓𝑦 = 60 𝑘𝑠𝑖
𝜆 = 1.0
𝜓𝑡 = 1.0
𝜓𝑒 = 1.2 (𝑆𝐸), 1.0 (𝐵, 𝐶𝐺𝑅, 𝑇𝐸)
𝜓𝑠 = 0.8
𝜓𝑔 = 1.0
𝑑𝑏 = 0.5 𝑖𝑛
𝐶𝑏 = 2 𝑖𝑛 (𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑐𝑜𝑣𝑒𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑏𝑎𝑟)
𝐾𝑡𝑟 = 0 (𝑛𝑜 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)
𝑓 ′ 𝑐 = 5200 𝑝𝑠𝑖, 6900 𝑝𝑠𝑖, 7200 𝑝𝑠𝑖, 4600 𝑝𝑠𝑖 (𝑖𝑛 𝑡ℎ𝑒 𝑜𝑟𝑑𝑒𝑟 𝑜𝑓 𝑠𝑒𝑟𝑖𝑒𝑠 1 𝑡𝑜 4)
The ACI required development length for each specimen in the study are provided
in Figure 17 and Figure 18. These values were calculated based on the tested compressive
strength for each given series. The calculated values are higher for the smooth epoxy
coated bars because the 1.2 coating factor was applied. For purposes of the calculations,
the 1.2 coating factors was not applied to the textured epoxy specimens.
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Figure 17. Theoretical development length according to ACI 25.4.2.3

Figure 18. Theoretical development length according to ACI 25.4.2.4a. Note that these
values are less than the controlling length, and that in practice the required development
length would be 12 in.
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The ACI-calculated development length values were conservative relative to the
experimental results. All of the bars in the test specimens reached the specified yield
stress or higher. Using a coating factor of 1.0 of the textured epoxy coated bars did not
impact the conservatism of the ACI results.

Chapter Conclusions
What is the relative strength of concrete-reinforcement bond for alternative
coated reinforcements?
Slip resistance is an indicator of steel-concrete bond strength. Stronger bond
results in less slip. The experimental results show that the slip resistance offered by the
TE and B bars are better than the CGR and SE. The order of slip-resistance performance
is TE, B, CGR and SE. This can be attributed to the surface roughness of the bars (Figure
8) and the impact of roughness on frication. The performance of the textured bars was
most notable at the 80% yield stress level, with the measured slip being only 36% to 51%
of the average slip from all specimens. In contrast the smooth epoxy bars experienced
45% to 125% more slip than the average of all specimens.
How should textured-epoxy coated bars be considered in code-based
requirements for development length?
The results suggest that textured epoxy coated bars have significantly different
bond behavior than smooth epoxy bars. Given the test results a coating factor of 1.0 is
appropriate for textured epoxy bars in the test program. However, the general
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applicability of this result will require additional testing. The performance of textured
epoxy coated bars having different sizes and surface roughness should be considered.
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V.

SHRINKAGE TESTS
Overview

This chapter addresses the question: What is the relative impact of alternative
reinforcement coatings on the control of shrinkage cracks?
The shrinkage phenomenon in concrete members induces tensile stress if the
shrinkage is restrained. Cracking will form if the tensile stress exceeds the tensile
capacity. If rebar is present, the tensile stress it carries the tensile stress after cracking
and prevents the crack from growing. Effectiveness of the rebar in controlling cracking
depends on its bond with the surrounding concrete. Hence, restrained shrinkage tests
were conducted to study the impact of bar coatings on controlling shrinkage cracks.

Test set-up
Eight series of shrinkage tests were conducted, and one specimen of each coating
type was included in each series. The specimen formwork and test set-up are shown in
Figure 19 and Figure 20. Mortar was cast around a steel block at the center of the
specimen. The steel block was used to restrain shrinkage and create tensile stress in the
mortar. A thin steel plate was placed at the center to form a weak plane in the mortar to
facilitate the cracking process. The steel plate or “crack initiator” was placed on top of
the steel block and the reinforcement bar passed through it. This test setup was adapted
from a similar test setup used by Raoufi et al. [56].
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Figure 19. Shrinkage cracking specimen details
The mortar mix was prepared using a pan mixer and flow table test was conducted
immediately to evaluate its consistency. A set of six mortar blocks were also cast from
each batch for testing compression strength. The mortar blocks were tested 7-days after
casting. The mortar mix design is reported in Table 5 and compressive strength for each
batch are reported in
Table 6.
Table 5. Mortar mix design used in shrinkage tests
Mortar mix design
Material
Cement:Sand
W/C ratio
Sand moisture content
Super Plasticizer
Flow table diameter

Design Quantity
1:2.25
0.42
0.14%
2.5g/1000g of cement
8.25 in – 9.5 in
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Table 6. Average compression strength (7 day) of mortar used in shrinkage tests
Test Batch
Batch 1
Batch 2
Batch 3
Batch 4
Batch 5
Batch 6
Batch 7 (14 days)
Batch 8

Avg. compression strength (psi)
5200
4340
5170
5190
4680
5110
5160
5180

The formwork was removed approximately 2 hours after casting. To accelerate
evaporation and to enhance the shrinkage and cracking, a table fan was placed to provide
constant air movement over the specimens after the formwork removal (Figure 20).
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Figure 20. Shrinkage cracking test set up
Cracks were observed in all specimens and crack data were collected 24 hours
after casting the mortar. Digital images of the cracks were collected in the presence of
crack gauge card beside the crack for scaling, and crack width was also measured at three
locations using a handheld microscope. An example crack is shown in Figure 21. Crack
widths were measured from the digital images according to the procedure discussed in
Chapter VIII. Crack widths were compared between the different bar types to study the
effect of bar coating on the size of shrinkage cracking.
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Figure 21. Shrinkage cracking in black bar specimen from series 4

Test Results
The eight series provided sufficient data to conduct statistical comparisons of the
shrinkage cracking results. The analysis of variance (ANOVA) approach was used to
compare crack widths between series and between coating types. Statistical comparisons
in this dissertation are for the ImageJ crack area data.
The ANOVA identified statistically significant differences at both the 90% and
95% significance levels between crack areas in different series. Because the same mix
design and procedures were used for each series, the inherent variability between batches
is culpable in the ANOVA results. The statistically significant differences observed
between batches supports the use of the comparison index to normalize test results
between different series.
Statistically significant differences in crack widths for different bar coatings were
not observed at the 95%, or even the 90%, confidence levels. The data in Table 7 can be
used to see how closely the observed differences were to being statistically significant.
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Data in the table are the ANOVA/Tukey-Kramer comparisons between the different
coatings. The table values are the “absolute difference” divided by the “critical value,”
and can be interpreted as how close the difference was to being statistically significant at
the 90% level. The highest value in the table is 0.85, which indicates that the measured
differences between textured-epoxy (TE) bars and the smooth-epoxy (SE) bars were 85%
of the difference needed for statistical significance. This result suggests that texturedepoxy bars have superior crack control to the smooth epoxy bars, although not to the 90%
statistically significant level. This result is consistent with the trends observed throughout
the test program. Specifically, the data on performance of different bar coatings has
scatter, but textured epoxy bars tend to a top performer on average.
Table 7. Tukey-Kramer comparisons between coating types based on average crack width
measured through ImageJ. Higher values indicate greater likelihood of difference
between bars
SE
TE
HDG
CGR

B
0.21
0.64
0.42
0.09

SE
-0.85
0.63
0.12

TE
--0.22
0.73

HDG
---0.51

CGR
-----

Comparison Index results are shown in Figure 22 to provide a graphical means of
evaluating and interpreting the shrinkage crack data. The “box” portion of the data
indicate the upper and lower quartiles of the data. The “whisker” portion shows outer
quartile range of the data points. Outliers are excluded from the figure; they are defined
as values higher or lower than the outer quartiles. Data in the figure come from ImageJ
and microscope measurements and only three outliers were recorded in these datasets out
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of 120 comparison index values. The “x” in the figure indicates the mean value and the
horizontal line in the box indicates the median.

Figure 22. Comparison index of the average crack width from microscope and ImageJ,
cracked area from ImageJ
The entire “box” for the textured-epoxy specimens falls below 1.0. This means
that that 75% of the crack size measurements for textured-epoxy specimens were lower
than the average of other bar types in comparable tests. The average comparison index
for textured-epoxy bars was 0.85, indicating 15% better crack control than the average of
the other bars. Hot-dipped galvanized specimens had the next best crack control with an
average comparison index of 0.95. The black, continuously galvanized, and smoothepoxy coated bars had average comparison index values of 1.02, 1.08, and 1.08,
respectively.
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Lessons learned for conducting shrinkage crack control tests
The test method used was developed based on Raoufi et al. [56]. It was modified
through multiple iterations to arrive at the present set-up. To assist future researchers
wishing to use similar methods, the following lessons learned should be considered.
Formwork removal time: It is best if the formwork is removed in transition from
fresh state of mortar to hardening state. The mortar should have established its initial set
and be stiff enough to support itself without the forms. Initially, the formwork was
removed 8 to 10 hours after casting, however it was found that 4 hours was sufficient.
Mind humidity level: In some early attempts at the test the specimens were left
to cure in a humid lab. In hindsight, it is obvious that the tests should be conducted in a
dry, conditioned space. The use of a fan is advised provided it can evenly blow over all
specimens.
Mind the grade marks: The test was intended to know the resistance offered by
the bar against shrinkage. The action of the ribs has to be uniform and effective for all the
specimens. But all the rebars have the grade marks at certain locations along its length.
Hence, care was taken to cut the bar in such a way that the grade marks were not adject to
the crack initiation location.
Considering longer specimens: While the specimens in this test program
provided meaningful results, longer specimens are recommended. Longer specimens will
have greater shrinkage strain to be “taken up” by the cracks, thus leading to bigger cracks
that are easier to measure and compare. One trade-off is that longer specimens required
more material and preparation. A benefit of the small specimens used here was that all
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specimens and cubes could be cast from a single batch. Material availability and
preparation should be weighed against specimen size.

Chapter Conclusions
What is the relative impact of alternative reinforcement coatings on the control of
shrinkage cracks?
The best-to-worst average shrinkage crack control performance was TE, HDG, B,
and CGR/SE (tied for worst). While the average performance trends in the shrinkage tests
are consistent with other studies in this dissertation, there was no statistical difference
between performance and the types of bars at the 90% confidence level. It is
recommended that future research include longer and more specimens. Also, the strain
measurements can be taken to evaluate the contribution of each bar type in resisting
stresses due to shrinkage.

46

VI.

PRISM TENSION TESTS
Overview

This chapter addresses the question: To what extent (if any) does reinforcement
coating impact residual crack width in concrete structures after loads have been
removed?
The impact of bar coating on the residual crack width after the unloading from
different load levels has been studied. The test specimens were mortar prisms with a
rebar cast at the center throughout its length. The specimens and the set-up were based on
Platt and Harries [39], where similar tests were performed for titanium bars. While the
type of test is similar, the focus on residual crack widths and alternative bar coatings are
novel.

Test set-up
The test set-up shown in Figure 23 consisted of the specimen between two
reaction blocks, hydraulic jack, anchors, and linear potentiometers. The specimen is 26”
long prism with square cross-section of side 3.5” and was cast using an “off the shelf”
commercial mortar mix with the #4 rebar embedded at the center along its longitudinal
axis. The average 28-day tested compression strength of the mortar mix was 1700 psi. A
length of rebar was left free of mortar at both the ends to pass through the end blocks,
hydraulic jack, and anchors for loading. The variables in the test included all the bar
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coating types (Figure 1). There were three series in total with five specimens in each
(Table 1).
The end blocks were connected to the strong floor. The specimen was set within
those end blocks. Steel plate spacers and a hydraulic jack were placed through the bar
before loading. The whole assembly was anchored using the strand chucks on either end.
Two linear potentiometers were attached one on each side of the prism at the first crack
location to monitor the crack width variation for the rest of loading. All the
potentiometers and the pressure gauge were connected to DAQ system to acquire the
continuous data during the test.

Figure 23. Prism Tension test set-up
In addition to load and displacement data, crack width data was collected at
tension loads of 3, 6, 9, and 12 kip. Note that 12 kip creates a load equal to the minimum
specified yield stress of the bars. Previous testing of bar samples confirmed that the
actually yield stress point was higher than the tested loads.
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After collected data at each load level, the load was removed, and crack width
data were also collected in unloaded state. Data collection includes data from DAQ
system, photos of cracks, and crack width measurements using a handheld microscope.
The load stage associated with the formation of each crack was noted.
An example crack photo with labels is shown in Figure 24. Image processing was
used to measure average crack with from the photos. Additionally, the crack with was
measured with microscope at points that were 0.75 in. from the specimen edges.
Microscope measurement points are marked with black lines in Figure 24.

Figure 24. Crack photo of textured epoxy specimen from series 1
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Test Results
Consistent with all of the other tests reported in this dissertation, the level of scatter in the
data made it a challenge to interpret results and identify trends. No discernable trends
were observed from average crack widths determined through image processing;
however, trends can be observed in microscope data and in the number of cracks.
Microscope measurements for all the specimens in each series which is shown in Figure
25. Measurements reported in the figure are the average widths from the microscope
readings while the specimen was under load. At higher loads multiple cracks had
formed; in these instances, with largest average crack width is reported in the figure.

Figure 25. Crack width as a function of load level for each series. Data are from
microscope measurements
As expected, the crack sizes grew as the load increased. At the 12-kip load level
the smooth epoxy bars had the largest cracks in series 1 second largest cracks in series 2
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and 3. This is attributed to the relatively poor bond between the smooth epoxy bars and
mortar.
As stated in the research question for this chapter, the impact of bar coating on
residual crack is a focus of these tests. The residual crack width data were collected and
reported similar to the data from while the specimens were loaded and are shown in
Figure 26. The horizontal axis in the plots shows the peak load levels to which the
specimens have been loaded previously. The specimens with smooth epoxy bars had the
largest residual cracks in series two and three and the second largest cracks in series one.
This result is attributed to the relatively weak bond between the smooth epoxy coating
and the mortar. Because the bond was weak, the specimen displacement concentrated at
few cracks and larger cracks. When load was removed the larger cracks were not able to
recover as much as the other specimens.
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Figure 26. Residual crack as a function of previous load level for each series. Data are
from microscope measurements
The crack recovery ratio was calculated for each specimen as the ratio of
recovered crack width after the 12 kip load was removed to the maximum crack width at
the 12 kip load level. The ratios are presented in Figure 27. While there is scatter in the
individual measurements, the average crack recovery ratio suggest that smooth epoxy
coatings have a different effect on recovery than the other coatings. On an average, the
cracks in the smooth epoxy coated specimens only recovered 50% of their maximum
width, whereas the other bars had average recovery between 70% and 80%. A possible
explanation is that the weak bond between the mortar and smooth epoxy coating
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experienced more damage at peak loading than did the bond in the other specimen types.
Because of this damage the crack recovery was less in the smooth epoxy specimens.

Figure 27. Crack recovery ratio for all specimens

Chapter Conclusions
To what extent (if any) does reinforcement coating impact residual crack width in
concrete structures after loads have been removed?
Residual crack widths tended to be larger in specimens with smooth epoxy bars
relative to the other bar types. On average the cracks width closed by approximately 50%
in smooth epoxy specimens after load was removed. Cracks in specimens with the other
bars closed between to 70% to 80% of their loaded width. Hence, it appears that smooth
epoxy coating does impact residual crack width. A physical explanation is that the weak
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bond between the mortar and smooth epoxy coating received higher levels of damage at
peak loading than did the bond in the other specimen types. The damage and weak bond
did not allow the bar to “grab” the mortar on either side and close the crack.
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VII.

ALTERNATIVE COATINGS AND REBAR-CONCRETE BOND
MECHANICS
Overview

This chapter addresses the question: Are theories of rebar-concrete bond
mechanics applicable to bars with alternative coatings?
The structural mechanics of rebar-concrete bond is well understood and is explained in
many reinforced concrete textbooks e.g., [40] and [57]. This chapter contributes an
investigation of bond mechanics for bars with alternative coatings.

Reinforcement-Concrete Bond Mechanics in Flexural Members
In the case of a reinforced concrete beam under flexure, there will be a variation in
reinforcement tension the crack locations compared to the non-cracked part of the beam
(Figure 28b). At the crack the tension force in the bar is higher. Bar tension decreases
away from the crack as force is transferred to the concrete through the rebar-concrete
bond. As discussed in Chapter II, bond forces are transferred through adhesion, friction,
and mechanical interlock. As shown in Figure 28c, the bond force is a function of the
applied shear force and the internal moment arm of the cross-section (jd). In constant
moment regions (Figure 28d) the shear force is zero and the net result of the bond forces
is also zero; however, the bond force varies within the constant moment region as shown
in Figure 28g. This variation has been referred to as the “in-and-out” bond force because
it switches directions between cracks [40].
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The formation of cracks in RC beams is related to bond forces between the rebar and
concrete. At a crack the tension in the bar is at a peak and the tension in the adjacent
concrete is zero. Away from the crack the tension in the concrete increases due to the
transfer of forces through the bond. Once the tension in the concrete exceeds its tension
capacity then a new crack will form. As the beam approaches nominal flexural capacity
numerous cracks will have formed, and the bond forces between the bar and concrete are
the in-and-out forces shown in Figure 28g. Additional cracks will not form because the
bond length and bond force transfer are insufficient to induce cracking-level tension in
the concrete. The gradient of bond forces impacts the spacing of cracks. In situations
with strong bond transfer, forces can be transferred over a short length (i.e., steep bond
force gradient) and hence the cracks are more closely spaced.
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Figure 28. Variation of tensile force and bond force along the span under flexure (figure
from [57])
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Modelling of reinforcement-concrete bond has advanced over the decades and
sophisticated models have been proposed [e.g., 58, 59]. One simple model is to consider
the bond force to vary linearly from a peak at the crack to a constant value away from the
cracks (Figure 29a). This is referred to as the “linear-function bond model” in this
dissertation. It has also been reported that bond is damaged for a short distance adjacent
to the crack over which forces are not transferred [59, 49]. A simplified model of this
condition is shown in Figure 29b and is refereed as the “stepped-function bond model”
for this dissertation.
Both the linear- and stepped-function models are simplifications of bar forces
near cracks, and actual bar forces likely share characteristics of both the models. As
described by the stepped model, there is no bond near the crack and the peak tension in
the bar is constant over the debonded length. As described by the linear model, the bar
force decreases over a distance as forces are transferred through bond. This behavior is
shown in Figure 29c and has been discussed by Ruiz et al [59]. It has also been
graphically reported, although not discussed, in the textbook by Wight and MacGregor
[40].
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Figure 29. Different models of variation of tensile force in bar
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Approach
Experimental data were analyzed to determine if the linear-function model,
stepped-function model, or something in between is applicable to bars with alternative
coatings. The research approach is shown in Figure 30 and is based on the concept that
crack width is related to bond force transfer and crack spacing. Tension causes the bar to
elongate at the crack and the length over which the bar elongates is related to bond
transfer. The steps of the approach are shown in the circled numbers in the Figure 30 and
are discussed below.

Figure 30. Procedure involved in comparison of bond lengths with the spacing of cracks.
Circled numbers in the figures are the steps and are referenced in the text
Step 1. Data were taken from digital images from the experiments conducted by
Murphy [2]. A diagram of the beam geometry and cross-section is shown in Figure 31.
The total number of beams in the dataset was 12. The bar types included B, CGR, SE,
TE, with three beams for each bar type.
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Step 2. Analyze digital photos to determine position of the cracks along the length
of the beams, crack widths, and spacings of cracks. The crack width was measured at the
same depth as the reinforcement. Each beam had four to twelve cracks that reached the
level of the reinforcement and were thus included in the analysis. Only one specimen had
four cracks, the next lowest count was six. Most had eight to twelve cracks.
Step 3. Calculate the applied moment and section properties. Calculations are
based on basic structural mechanics, RC mechanics, reported material properties, and
beam geometry as shown in Figure 31.
Step 4. Calculate the tension force in the bar at and away from the cracks. The
force was calculated as a function of position along the beam length (Equation 3
&Equation 4).
Step 5. Calculate the flexural bond length (lfb) using the linear-function model.
Derivation is shown in the next subsection.
Step 6. Calculate the damage length (ldam) using the stepped-function model.
Derivation is shown in the next subsection.
Step 7. Compare the crack spacing measured in the experiments to the calculated
values from steps 5 and 6. This comparison is used to determine if the models are suitable
to the bar types used in the experiment.
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Figure 31. Beam geometry and section details from Murphy tests [2]. The dimensions
reported by Murphy [2] and Ross et al. [1] were close but not exactly as shown here.
Upon detailed review of specimens, photos, and lab notes, the dimensions shown here are
definitive

Bond length derivation
The reinforced concrete member under flexural tension is idealized as an axial
member under direct tension. The lengths lfb and ldam from the crack are calculated by
setting the bar’s theoretical tensile elongation equal to the experimental crack width, Δexp.
The experimental width in the calculations was the width measured at the depth of the
bar. Derivations for lfb and ldam are made based on bar deformation on one side of the
crack, or Δcr = Δexp/2. It is assumed that the values of lfb and ldam were equal on both sides
of the cracks.
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The equation lfb will be derived first. Tension forces at the crack and away from
the crack are calculated using Equation 3 and Equation 4 , respectively. The total bar
tension in the flexural bond region is given in Equation 5, which models the transition of
bar stresses from the peak at the crack to the constant away from cracks.

𝑇(𝑥) =

𝐴𝑠 𝑀(𝑥)𝑦𝑏
𝐼𝑐𝑟

Equation 3. Bar tension at crack locations
𝐴𝑠 𝑀(𝑥)𝑦𝑏
𝐼𝑔

𝑇 ∗ (𝑥) =

Equation 4. Bar tension in the uncracked sections of the beam
2(𝑇 − 𝑇 ∗ )𝑥
𝑇𝑡𝑜𝑡𝑎𝑙 (𝑥) = 𝑇 +
𝑙𝑓𝑏
∗

Equation 5. Total tension in the bar along the flexural bond length
The measured crack size is set equal to the bar elongation, which requires that the
varying tension in the member (Figure 29aError! Reference source not found.) is
integrated over the unknown bond length from Equation 6. Rearranging Equation 6
provides an equation for the flexural bond length in Equation 7.
𝑙𝑓𝑏

𝛥𝑐𝑟

2
=
∫ 𝑇𝑡𝑜𝑡𝑎𝑙 (𝑥) 𝑑𝑥
𝐴𝑠 𝐸𝑠
0

𝑙𝑓𝑏

𝛥𝑐𝑟 =

(𝑇 − 𝑇 ∗ )𝑥
2
∫ (𝑇 ∗ +
)𝑑𝑥
𝐴𝑠 𝐸𝑠
𝑙𝑓𝑏
0
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𝛥𝑐𝑟

𝑙𝑓𝑏 (𝑇 + 𝑇 ∗ )
=
𝐴𝑠 𝐸𝑠

Equation 6. Crack width due to the applied Tension

𝑙𝑓𝑏 =

𝛥𝑐𝑟 ∗ 𝐴𝑠 ∗ 𝐸𝑠
(𝑇 + 𝑇 ∗ )

Equation 7. Flexural bond length from linear variation of tensile force model
The derivation of ldam is directly calculated assuming that all the measure crack
deformation is equal to the bar elongation that occurs over the damaged length (Figure
29b). The resulting equation for damaged length is shown in Equation 8.
𝑙𝑑𝑎𝑚 =

𝛥𝑐𝑟 ∗ 𝐴𝑠 ∗ 𝐸𝑠
𝑇

Equation 8. Length of damage from the crack using a stepped function model

Results and Discussion
The calculated bond length and the damage length for each bar type from the
models were compared with half the average spacing (𝑆𝑒𝑥𝑝 ⁄2) of the cracks.
Comparisons are shown in Figure 32 and Figure 33, wherein the given values are the
average spacing or the average calculated parameter in the associated beam and series. In
linear-function bond model, the spacing of the cracks is theoretically equal to two times
the flexural bond length (Figure 29a). In the stepped function bond model, the spacing of
the cracks theoretically should be greater than twice the damaged length (Figure 29b).
Hence, the spacing parameter (𝑆𝑒𝑥𝑝 ⁄2) should be close to lfb and should be greater than
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ldam. If the spacing parameter falls between lfb and ldam, then experimental bond transfer is
bracketed by the assumptions of the linear- and stepped-function models (i.e., Figure
29c).
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Figure 32. Comparison of flexural bond length and damaged length with crack spacing
parameter in each series
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It can be seen that the experimental and theoretical comparisons from any given
series and bar type are variable relative to the calculated comparison values. This result
is due to the randomness of the cracking phenomena in concrete. For this reason, it is not
viable to make conclusions based on a single beam or series.
The CGR specimen for series 1 deserves specific attention. This specimen had
many cracks that did not extend up to the level of the reinforcement. Because they did not
engage the bar, these cracks were omitted from the analysis. This accounts for the large
spacing of cracks in the specimen. In other specimens it was rare to have a crack that did
not extend to the reinforcement level. Based on the situation of the CGR specimen in
series 1, it was considered an outlier and was excluded from further analyses.
Figure 33 combines the results from all series and reports them as averages.
Evaluating the results as averages across multiple cracks and specimens clears some of
the scatter and allows for observation of trends. For the B, SE, and TE specimens the
average crack spacing parameter was between the flexural bond length and the damaged
length. Thus, on average, the behavior of these bar types was bracketed the linear- and
stepped-function models. It is inferred that a small portion of the bar is debonded near
the crack and that the bond forces are transferred gradually at locations beyond the
debonding.
CGR from series 1 was not included in Figure 33. Even with this removal, the
average results from the CGR specimens are not aligned with the bond models. This may
be due small sample size and to the random nature of concrete cracking and bar-concrete
bond. It may also be due to a difference in bond mechanics behavior for CGR bars.
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However, based on the available data, no conclusions are made about the bond models
and CGR coating.

Figure 33. Comparison of bond and damage length with crack spacing parameter in all
the series combined

Chapter Conclusions
Are theories of rebar-concrete bond mechanics applicable to bars with alternative
coatings?
Two theories (models) were considered. First was a linear-function bond model
based on gradual force transfer over a length adjacent to a crack. Second was a steppedfunction model based on a debonded length adjacent to the crack and immediate force
transfer after the debonded length. Considering the results presented, the bond transfer
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behavior is bracketed by the models for the smooth, textured, and uncoated bars. Due to
randomness in the data and limited data points, the results are inconclusive for the
continuously galvanized rebar.
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VIII.

FIELD STUDY PAPER

This chapter is based on manuscript under final review in the ASCE Practice
Periodical of Structural Design and Construction.
The research was performed by the dissertation author with assistance from Dr.
Taylor Sorensen. The work was overseen by Dr. Brandon Ross and Dr. Amir Poursaee.

Abstract
Cracking in concrete structures is a ubiquitous problem and affects the
serviceability of such structures. In many cases, it is imperative to properly measure and
monitor the crack size to identify locations for repair and rehabilitation. This paper
describes two field studies that used digital image processing to measure the width of
cracks in concrete structures. The first field study compared crack measurements from
digital image processing, a handheld microscope, and a crack gauge card. In the second
field study, digital image processing was used to measure end region cracks in precast
pretensioned concrete girders. Guidance is provided for engineers who wish to use digital
image processing in field studies. Conditions, where digital image processing may lead to
errors, are identified, and limitations of the methods are discussed. In general, the studies
demonstrate that image processing methods can efficiently and measure the size of cracks
in concrete structures in field settings, and that image-based measurements are
comparable to microscope measurements.
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Introduction
Cracks in concrete structures can affect their durability and load carrying
capacity. Hence collecting information about crack width is important for inspection and
diagnosis of damage in such structures. Traditionally, the crack width measurements are
carried out using a crack comparator (i.e., gauge card) or handheld microscope (Figure
34). These devices have discrete scales, and the operator must choose which line on a
crack comparator or which demarcation on a microscope best represents the crack width.
Microscope measurements also have the disadvantage of being time consuming.
Furthermore, crack width varies along the length of the crack, which requires several
measurements. Digital image processing offers an alternative means of evaluating cracks
that is objective, more precise, and more efficient compared to the conventional methods.

Figure 34. Crack gauge card and the handheld microscope
Digital image processing is a well-established methodology that has previously
been used to measure cracking in concrete (e.g., [60-64]). In contrast to the prior studies
that established and advanced the science of image processing, the current paper aims to

71

provide practical guidance for engineers who wish to use image processing to measure
concrete cracks in field studies. This paper describes a comparative field study wherein
measurements taken through digital image processing were compared to measurements
taken by a crack gauge card and a handheld microscope. A second field study
investigated cracks at the ends of 8 precast pretensioned concrete girders. The girder
study evaluated the effect (if any) of different rebar types on end region cracking. A
phone camera with a resolution of 12 megapixels was used to capture digital images of
the cracks, and the open-source software ImageJ [65] was used to analyze the images and
measure the crack widths.
The main objectives of this paper are to:
1. Provide practical guidance for using digital image processing to measure concrete
crack widths in field settings.
2. Compare gauge cards, microscopes, and image processing methods for measuring
concrete crack widths in field settings.
3. Demonstrate the use of image processing measurements in a field study of
cracking in precast-pretensioned concrete girders.

Background
Image Processing. Digital image processing methods were developed in the
1960s for satellite imagery and medical imaging ([66] and [67]). However, due to the
high cost, digital image processing was not widely applied to other disciplines and
industries until the 1990s, when low-cost personal computers and digital cameras became
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widely available [68]. Since then, digital image processing techniques have been adapted
to many applications and disciplines, including civil engineering. For example, image
processing has been used to detect moving vehicles [69], evaluate surface cracks in
pavements [60], assess fire-damaged mortar [70], measure strain distribution during
testing of geosynthetic materials [71], and to classify steel bridge coatings [72]. Specific
to concrete structures and materials, digital image processing has been used to evaluate
shapes of aggregates [73], assess the microstructure of mortars [74], identify air voids
and aggregate content in concrete [75], measure chloride diffusion in concrete [76], and
determine the distribution of fibers in concrete [77]. Recent advances in digital image
processing applications for bridge engineering include 3D image-based diagnostics
during bridge repair [78] and in-service measurements of deflections in an off-shore
bridge [79].
Image scaling and crack isolation are the two critical components of digital image
crack measurements. Scaling is accomplished by placing a reference item of known
dimension within the digital image. Processing software simply divides the known length
by its associated number of pixels to establish a length-to-pixel scale. Identifying and
isolating cracks in an image is accomplished using filters that distinguish between light
and dark pixels. Cracks are commonly darker in digital images allowing conversion of
the image to a binary field with black pixels at the cracks and white pixels at other
locations. The division of the pixels in an image is called binarization which uses
thresholding techniques (Singh et al., 2011 [80], Singh et al., 2012 [81] and Firdousi and
Parveen, 2014 [82]). The Otsu approach (named for the developer, Otsu (1979)) is
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commonly used to create such binary fields for processing. The current paper used the
Otsu approach embedded in the ImageJ software.
The recent work by Rahman et al., (2019) [83] used image processing to measure
and evaluate concrete cracking, albeit in a laboratory setting. They used 2D digital
images to analyze cracks in axially loaded reinforced concrete specimens. The specimens
consisted of concrete prisms with a concentrically placed rebar extending from both ends.
A tensile force was applied to the rebar to induce cracking in the concrete. Images of the
tensile cracks were collected at various load levels. Crack width measurements from
image processing were compared to manually collected data from microscope
measurements. The results were comparable, and it was concluded that the image
processing approach was viable for measuring concrete cracks. The current paper extends
the work by Rahman et al. [83] by demonstrating the practice of digital image processing
to measure concrete crack widths in field studies.
A semi-automatic process of measuring concrete cracks was proposed (Barkavi
and Natarajan, 2019) [84] using an algorithm in MATLAB. Image processing was used
to obtain both the crack length and width and it was verified with the results of past
literary works. In the current paper, a similar outline of the process has been adopted but
with ImageJ software.
End Region Cracks in Precast-Pretensioned Girders. A brief discussion on
end region cracking is given here to provide context for the precast girder field study.
End region cracks have been a subject for research ever since the widespread use of
precast-pretensioned girders began in the 1960s (Gergley and Sozen, 1963 [85]; Marshall
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and Mattock, 1962 [86]; Gamble, 2014 [87]). The topic is of continued interest to
transportation agencies that have funded multiple research studies on end region cracking
in recent years (e.g. [21-23]). Some precast industry professionals have reported that end
region cracks form in more than 80% of girders [88].
End region cracks form as prestressing forces originating in the bottom flange are
distributed to the rest of the cross section (Figure 35). Distributing the prestressing force
from strand to the girder end creates tensile stresses that lead to cracks in the web and
flange (Figure 36). Cracks in the end region can compromise durability and can
negatively impact shear strength when compounded with other issues [89].

Figure 35. End region cracks form due to tensile stresses (green trajectory lines), which
form as the pretension force is distributed from the bottom flange to the rest of the cross
section [25]

75

Figure 36. End region cracks in one of the girders from the field study. Lines are marked
adjacent to each crack in the photo for emphasis.
Measuring and monitoring end region cracks can be time consuming. A previous
field study used a handheld microscope to measure and track end region cracks in
multiple girders [27]. Widths were measured along each crack, and changes in the crack
lengths and widths were monitored over four months. The measurements were time
consuming and only resulted in point measurements at discrete locations. The current
paper was motivated by providing a more efficient and data-rich method for measuring
and monitoring cracks.
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Crack Width Measurements Using Digital Images and ImageJ
Cracking in the field studies of this paper was documented with several
photographs, each of which included a crack width gauge card for a size reference
(Figure 37). Image processing of cracks in the photographs was performed using ImageJ,
an open-source image analysis software [65]. Its several features, such as ease of use,
recordable macro language, and extensible plugin architecture, make ImageJ a popular
platform used by researchers who are non-programmers, amateur programmers, and
professional developers alike. Image processing can quickly determine crack dimensions
such as width and length based on a digital photograph. The essence of analyzing images
of cracks is calculating the area of a crack in pixels, converting pixel area to physical
area, and then estimating an average crack width by dividing that area by the length of
the crack. The procedure below outlines the process used to analyze a single crack in an
image.
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Figure 37. The three measurement locations (vertical lines drawn at the right edge of the
image) on crack gauge card to set scale for image processing
For a given crack, a clean and clear image was first selected and opened in the
ImageJ software. It was then necessary to set the scale for reference using an object of
known length. A crack gauge card was used for this purpose in the current study (Figure
37). Three reference lengths were placed on the 50-mm scale on the gauge card. Each
reference length returned an associated number of pixels. The average number of pixels
from the three lengths was used to determine the scale. For example, if the average
measurement across the 50-mm length was 256.3 pixels, then the scale was
approximately 5.126 pixels/mm for the image. This scaling was saved for future
reference. A separate scaling was taken for each digital image.
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With scaling in place, the crack segment could then be selected. It was preferred
to analyze the entire crack as a whole (Figure 38), but as the image processing approach
relied on the contrast between the crack and the surrounding concrete girder, it was
sometimes necessary to divide the cracks into smaller image segments for analysis. This
occurred when the image included shading due to light variations, texturing, or varying
colors in the concrete material across girder's length. In cases when the cracks were
emphasized using a marker (e.g., Figure 36), the image was cropped to remove the
marking. Once the crack portion was selected, a duplicate image was created where the
image type was converted to an 8-bit image to reduce the number of hues present and
increase the distinction and disparity between crack and the background color (Figure
39a). The image threshold was then adjusted to create a purely black and white image to
display only the crack (Figure 39b).
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Figure 38. Cracks and gauge card on girder end. The boxed area contained a crack and
was cropped out of the photo for image processing. Cracks are difficult to see in this
photo but were obvious after zooming in on the digital image

Figure 39. Crack segment analysis: a) duplicate of crack segment selection, and b)
isolated crack after 8-bit conversion and threshold adjustment of a crack segment
Theoretically, only the crack’s pixels would be displayed after the threshold was
set. For this reason, the contrast of the image is key to defining the crack area in an
image. The noise present in the image can be reduced using the threshold type selected in
the threshold tool. ImageJ offers various threshold types to choose from, including
Intermodes, Minimum, and Otsu. Once the 8-bit image is created and the threshold option
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is selected, the threshold should be adjusted. It means that the pixels above or below a
particular threshold value should be identified. ImageJ allows defining both low and high
threshold values so that only pixels falling within a specified range are found. This
improves the crack identification, particularly when it is not very clear in the image.
However, the threshold should be chosen carefully to reduce the noise in the image.
Shadows or other dark areas within an image present can be obstacles to obtaining
an accurate measure of a crack area that cannot be circumvented by only modifying the
threshold. This issue is demonstrated in Figure 40. In the girder case study, black
permanent marker or paint was used to label cracks and girder numbers. Changing the
threshold affected which parts of the crack were retained as black pixels, however. Figure
40 shows how the threshold tool was insufficient to remove girder paint, permanent
marker, and background as black pixels. When dark could not be cropped out of a crack
image, it was necessary to manually remove them by "painting over them" with white
pixels, thereby defining them as areas that are not part of the crack. Various pre- and
post-processing methods are available using commercially available software to paint
over dark areas. ImageJ includes a paintbrush tool plugin to easily achieve this purpose,
which was the option used in this study. Figure 41 shows the final image used to analyze
the crack from Figure 40 after removing the respective dark portions of the photo by
using the ImageJ paintbrush tool. If possible, markings near the crack on the concrete
surface should be avoided when selecting portions of the crack to reduce the amount of
manual editing required.
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Figure 40. Effect of using different threshold selection on isolating a crack in an image

Figure 41. Original and final image after removing dark portions of the image due to
marker, paint, and background
Although the visual image in Figure 41 may seem to indicate that the crack is
continuous, the processed image displays discontinuities in the crack. These are due to
variations in light and color, such that even with modifications of the threshold, the crack
cannot be distinguished from the concrete. This means there will be an inherent amount
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of uncertainty introduced based on several variables, resulting in either an overestimate
or underestimate of crack width. In the case of Figure 41, the discontinuities could
potentially reduce the crack area, leading to a potentially underestimated width. Even
upon closer visual inspection of the crack image shown in Figure 41, however, there are
portions of the crack that are still not easily discernable without the context of adjacent
crack segments. As the crack area in question is of such small length and width, the
assumption is that these small discontinuities are insignificant and of themselves will not
have great influence on the end results. In addition, there are other occasional pixels that
are not part of the crack but that are included in the image; to eliminate all stray pixels
would be time-intensive and unnecessary. These variable effects tend to balance out, for
which reason use of the average crack width is of paramount importance in this study.
The first case study presented in this paper indirectly addresses this issue by comparing
average width measurements from image processing with minimum and maximum
measurements from other methods. Once the threshold was set, and the image was
modified to only include the crack, the image was saved, and a "particle analysis" was
performed to determine the remaining area. In this automated process, the pixels
associated with the crack are counted, and the previously established scaling is used to
convert the pixel count to a surface area. To estimate the average crack width, the total
crack area was then divided by the length of the crack. The entire process involved in
image processing as explained is also summarized and shown in Figure 42 and Figure 43.
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Figure 42. Flowchart depicting the ImageJ procedure in steps (a) through (f)

Figure 43. Graphical representation of the ImageJ procedure in steps (a) through (f)
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While image processing using ImageJ software has many benefits, there are a few
potential challenges in its application to crack measurement. Some surfaces require a
trial-and-error process to optimize the threshold using the built-in threshold filters. This
requires subtle manual adjustments in order to better differentiate the cracked area. The
process to edit a crack photo could also become quite time-consuming and laborintensive in cases where there is a lot of noise around the crack.
The method presented in this paper measures the average crack length at a given
time. In some cases, the standard deviation of crack width could be of interest;
unfortunately, the ImageJ software does not readily provide the information necessary to
calculate standard deviation. Another topic of interest could be growth of the crack in
length of width over time. This was not considered in the current paper, however, the
basic approach and software discussed here could be extended to analyze changes in
cracks over time.

Field Study One: Comparison of Gauge Card, Microscope, and Image-Based
Measurements
A field study was conducted to compare measurements made using a crack gauge
card, a handheld microscope, and image processing using the ImageJ software. The study
considered concrete cracks in structures on the Clemson University campus. Cracks were
selected to have a range of widths from approximately 0.01 mm to 1.5 mm. Crack images
were all from smooth concrete surfaces (having less texture than a "broom" finish).
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The microscope and gauge cards were used to take measurements at discrete
locations. In contrast, the image processing approach measured the average width across
the length of a crack. To facilitate comparison between the different methods, minimum
and maximum widths from the gauge card and microscope were compared to the average
widths from image processing. It is reasoned that the average measures made using
image processing should fall within the range of discrete values from the other methods.
Minimum and maximum widths from the gauge card and microscope were taken
by visually scanning the crack and measuring locations that appeared the widest and
narrowest. Because the image analysis used an average width of the entire crack whereas
the microscope only measured 3 discrete points, the results showed some variation. The
study showed, however, that the crack widths from image analysis are in the range of the
measurements taken with the microscope.

lists crack width measurements from each of the three different methods. For
presentation purposes, all numbers in the table are rounded to two decimal points. The
precision of the measurements varied depending on the instrument used and the size of a
crack. The crack gauge card has a precision of 0.10 mm, whereas it is 0.02 mm in the
case of microscope and 0.001 mm in the case of ImageJ.
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Table 8. Maximum and minimum crack width measurements according to different
methods
Crack ID

Crack 1
Crack 2
Crack 3
Crack 4
Crack 5
Crack 6

Gauge card (mm)

Microscope (mm)

Image analysis
(mm)

Minimum

Maximum

Minimum

Maximum

Average

0.30
0.40
0.35
0.20
0.10
0.15

0.40
1.00
0.40
0.60
0.10
0.25

0.40
0.90
0.40
0.20
0.10
0.10

0.50
1.20
0.80
0.60
0.20
0.40

0.48
0.97
0.69
0.29
0.18
0.34

Normalized crack width measurements are compared in Figure 44. Values were
normalized by dividing each crack by its respective average crack width from the digital
image analyses. For example, the maximum microscope reading for crack 1 was 0.50
mm, and the average image analysis measurement was 0.48 mm; hence the normalized
value for measurement is 1.04 (0.50 mm/0.48 mm). Normalized measurements greater
than 1.0 are wider, and normalized measurements less than 1.0 are narrower than the
image analysis measurement.
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Figure 44. Comparison Index for the crack data from the study
Measurements using the microscope and ImageJ were in agreement as the average
crack widths from ImageJ were within the range of widths measured using the
microscope for each crack (Figure 44). In contrast, the measurements made using the
crack gauge card did not align well with either the microscope or ImageJ results. The
discrepancy, however, was only observed in cracks 1, 3, 5, and 6. These cracks had the
smallest widths in the study (

88

). In the case of cracks 2 and 4, cracks had larger width and the range of
measurements from the gauge card was better aligned with the other methods. These
observations are attributed to a few different possible causes. For smaller crack sizes, the
demarcations on the gauge card did not allow for precise measurements. Crack 5 was so
small (between 0.01mm and 0.02mm) that the gauge crack could not provide any
distinction between the minimum and maximum crack widths. As seen in Figure 37, the
gauge card in the study had only eleven different options for determining the crack width.
Another reason for the observed discrepancies is that there is some subjectivity in using a
crack gauge card, especially for smaller cracks. The observer who conducted the study
tended to undermeasure the crack width when using the gauge card relative to the other
two methods. Gauge cards are quick and useful but are more subjective, leading to
greater potential for error when measuring small cracks.
Some of the images were collected of cracks receiving direct light and other
receiving indirect light. The filtering process in the software was able to adjust for both
conditions, and no trends were observed in the comparisons based on the lighting.
Average width measurements from image processing compared favorably with the range
of microscope measurements for direct and indirect lighting conditions.
During the comparison field study, a few images were taken from textured
surfaces and surfaces exposed to light at sharp angles. These images were taken due to
the researchers' curiosity and were not part of the formal field study. However, these
images warrant a brief discussion as they revealed an important practical consideration
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for using image processing in field studies. Textured surfaces with direct light coming
from a sharp angle can lead to issues in isolating the crack. Figure 45 shows one such
surface and the associated binary image. Shadows within the crack and on the surface
make it difficult to isolate the crack area, even by adjusting the filtering threshold. Based
on these observations, caution is recommended when using image processing on textured
surfaces, particularly when receiving direct light from a sharp angle. It is possible that
artificial light could help; however, this was not considered in the study.

Figure 45. Increase in threshold due to improper lighting

Field Study Two: Image Processing to Evaluate Cracks in Precast-Pretensioned Girders
The effects of several variables on cracking were evaluated at the ends of eight
girders, where each end was treated as a different specimen for purposes of the study.
Variables included the location of the girder end on the stressing bed (interior or exterior)
and type of coating on the confinement reinforcement (hot-dipped galvanized, smooth
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epoxy-coated, or textured epoxy-coated). Results are summarized here to demonstrate the
image processing measurement method.
Prior to collecting digital images, the ends were visually examined, and cracks
were each labeled. Global photos encompassing the entire end of the girders were
collected first (Figure 36), followed by local photos of the web and flange areas. Gauge
cards were placed in the local photos to allow for subsequent scaling of the digital images
(Figure 38).
A predetermined labeling system and careful attention to image review and filing
were critical because different individuals handled onsite image collection and offsite
image processing. The onsite researcher reviewed the local images immediately to
confirm the clarity of the crack and scale. Unclear images were retaken. Additionally,
stickers, and labels were placed to identify all photos to manage a large number of similar
images.
Crack widths were determined from the images and used for comparison among
the study variables. A normalized comparison index was calculated by dividing the crack
size for a given specimen by the average crack size of all specimens. Hence, values of the
comparison index, greater or lesser than one, indicate that the crack widths were larger or
smaller than the average widths, respectively. Figure 46 and Figure 47 show how the
crack data were evaluated in the girder field study. Crack data was collected from both
the ends of 8 girders (16 end regions) with the number of cracks ranging from 18 to 26
for each girder. As shown in Figure 46, there were no observable differences in crack
widths based on the location of the girder end on the stressing bed. The reinforcement
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coating, however, did appear to influence cracking, where ends with textured epoxycoated bars displayed a tendency to have larger than average cracks in the web and
smaller than average widths in the flange. Additional details of the girder field study can
be found in Ross et al. (2021) [1].

Figure 46. Comparison of web and flange cracks for different positions on stressing bed

Figure 47. Comparison of web and flange cracks for variable reinforcement coatings: SE
is smooth epoxy-coated, HDG is hot-dipped galvanized, and TE is textured epoxy-coated
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Conclusion
Digital image processing was used to measure concrete cracks in two field
studies. The first study compared image processing measurements with microscope and
gauge card measurements. The second study evaluated the effects of different variables
on end region cracks in precast concrete bridge girders. Conclusions are presented below
according to the paper's three objectives:

Objective 1: Provide practical guidance for using digital image processing to
measure concrete crack widths in field settings.
An overview of the steps and techniques was presented for measuring crack
widths using digital image processing. Future users of this method should give particular
attention to cropping, filtering, and cleaning images to isolate the crack before executing
measurements. Lighting and surface texture should be considered where direct lighting
from sharp angles on textured surfaces can lead to errors in image processing. Labeling,
image quality review, and filing schemes should be established when the field study
involves multiple specimens and many similar looking images. Images should include
local and overall views of the structure to document both details and context.

Objective 2: Compare gauge cards, microscopes, and ImageJ as tools for
measuring concrete crack widths in field settings.
Crack gauge cards are the quickest and easiest method to measure crack widths in
the field studies but have notable limitations. They only provide a few possible crack
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measurement sizes (eleven were provided on the card used in the study) making them less
precise than the other measurement methods. Furthermore, the gauge card measurements
were not in agreement with the other modes of measurement when cracks were small
(i.e., approximately 0.1mm width). The microscope provided increased precision
(0.02mm) relative to gauge card but at the expense of more effort and time. Image
processing provided even greater precision (0.001mm) and resulted in average crack
width measurements that were within the range of microscope measurements. Image
processing also has the benefit of creating files to document conditions and facilitate
future comparisons.

Objective 3: Demonstrate the use of image processing measurements in a
field study of cracking in precast-pretensioned concrete girders.
Image processing was used to evaluate the effect of stressing bed location and
confinement reinforcement coating on the width of end region cracks. No effect was
observed for bed location. Girder ends at the outside and inside positions had similar
crack sizes. Confinement reinforcement coatings had some effect, with ends reinforced
with textured epoxy-coated bars tending to have larger web cracks and smaller flange
cracks. The results demonstrate how image processing can be used to analyze and
interpret data to address practical questions from field studies.

Data availability statement
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Some or all data, models, or code generated or used during the study are available
from the corresponding author by request. The available data are crack images, ImageJ
data, and spreadsheets.
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IX.

SUMMARY AND FINAL COMMENTS

This dissertation experimentally studied the impact of rebar coatings on rebarconcrete bond and on controlling concrete cracks. Bars in the experiments included
uncoated (black), continuously galvanized, hot dipped galvanized, smooth epoxy and
textured epoxy. Test types included bond tests, shrinkage test, and prism tension-tests.
Tests from quasi-static flexural tests reported by Murphy [2] were used in an analytical
study of bond mechanics.
Specific research questions were introduced and answered in the individual
chapters. This chapter discusses an overall of all results. To make overall conclusion of
which bar coating type provides the best structural performance, certain parameters from
each test were considered. The parameters chosen for the overview were selected from
each of the three experiments and provide a holistic measure of performance. The
following are the concluding parameters from each type of test:
Bond – Slip at 80% of the specified yield stress level
Shrinkage – Average crack width measured from image analysis
Prism – Crack recovery ratio after unloading from the specified yield stress
One value for each parameter was taken for each specimen in each associated test
type. Table 9 shows how many values were taken each type of bar. Except hot dipped
galvanized (HDG) bar, all the other bar types were used in all the tests. HDG bars were
not tested for their bond strength and hence the difference in the total number of values.

96

Table 9. Number of values of each bar type for each test type based on the chosen
parameters for the overall analysis
Test\Bar type
Bond
Shrinkage
Prism
Total no. of
values

B
4
8
3
15

CGR
4
8
3
15

SE
4
8
3
15

HDG
8
3
11

TE
4
8
3
15

The “best” and “worst” specimens were determined based on performance in each
series and test type. Specimens that were not the best or worst were categorized as “in
between”. For a given series, there was only one best and one worst, but multiple in
between. The count of each level of performance of each bar type, for the selected
parameters were tabulated. The overall performance of each bar type was plotted as a pie
chart in terms of the percentage tom times that each bar type achieved the different levels
of performance out of the total number of values. Performance pie charts are shown in
Figure 48.
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Figure 48. Performance pie charts of all the bar types. Percentages are the number of
series in which a given bar type performed the best, worst, on in-between.
The overview analysis shows that the TE bars were the top performer in 47% of
the test series. On the other hand, the smooth epoxy bars were the worst performer in
47% of the test series. The other bar coating types showed similar overall performance
levels, with in-between being the most common level.
It is concluded the textured epoxy bars had good bond with concrete and were
effective at resisting cracks. The observed results are likely generalizable for bars with
similar types and levels of texture.
The tests in this dissertation were based on only one bar size, three different
concrete/mortar mixes, specific levels of texturing/galvanizing, and were conducted at
one institution. It is recommended that future research investigate the impact (if any) on
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bond performance from bar size, level of texture, and concrete properties. Testing of
columns, frames, and other structural elements may be considered. The primary purpose
of many coatings is to mitigate corrosion; the interaction of corrosion performance,
structural performance, and physical parameters should also be studied. Concrete
cracking and rebar-concrete bond are random phenomena making them challenging to
study. Additional tests of more specimens in more labs are necessary to achieve
definitive results on the topic of crack control and bond performance of alternate coated
reinforcements in concrete.
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APPENDIX

Data sheets from the prism tests are presented below. Data sheets from the other
test programs can be found in the report by Ross et al. [1].
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